In this study, methacrylic acid (MAA) was grafted onto a poly(tetrafluoroethylene) (PTFE) plate by the oxygen plasma treatment and subsequent photografting. The surfaces of the grafted PTFE plates prepared at shorter plasma treatment times and/or at lower monomer concentrations were modified hydrophilic at lower grafted amounts. Water absorptivity of the grafted layer increased with the grafted amount and the grafted layers formed at lower monomer concentrations possessed higher water absorptivity. For grafted PTFE plates prepared at the monomer concentration of 1.5 and 2.0 M after the plasma treatment, the substrate breaking occurred. The grafted amount at substrate breaking decreased with a decrease in the plasma treatment time, indicating that the location of photografting was restricted to the outer surface region at shorter plasma treatment times. It was made clear that the combination of the oxygen plasma treatment with the photografting of MAA was an effective procedure to modify the PTFE surface.
Introduction
Hydrophobic properties of poly(tetrafluoroethylene) (PTFE) frequently limit the use in the fields related to adhesion or wettability [1] . If the PTFE surface is modified hydrophilic, the utilization of PTFE will be remarkably extended.
Many techniques have been reported on enhancement of wettability and adhesivity of the PTFE plate by plasma treatment with non-polymerizable gases [2, 3] and graft polymerization by irradiation of 60 Co  ray [4, 5] . Although the plasma treatment can confer hydrophilic properties without significant damage of the bulk properties of the substrates, the modified surface properties are gradually regressed [6] . On the other hand, the surface modification by grafted polymer chains can control the time-dependent regression of modified surface properties. However, surface modification of the PTFE plate by grafting is rather difficult mainly due to its high chemical stability, whereas polyethylene (PE) and polypropylene (PP) plates can be readily modified by the photografting technique without any pretreatments [7, 8] .
We have also extensively investigated the improvement of adhesivity of the PE and PP plates by the photografting technique [7] [8] [9] . Wettability is improved by photografting hydrophilic monomers, and the substrate breaking occurred at higher grafted amounts. However, as far as we know, it is impossible to directly photograft hydrophilic monomers onto the PTFE surface without any treatment. Therefore, we focused on the surface modification of the PTFE plate by the plasma pretreatment and subsequent photografting. A variety of oxygen-containing functional groups are generated on the surfaces, when the PTFE materials were treated by a non-polymerizable gas [10, 11] . Of the oxygen-containing functional groups, a hydroperoxide group is known to be thermally decomposed into an active site of grafting [12] .
In this study, the PTFE surfaces were pretreated with oxygen plasma, and then MAA was photografted onto the plasma-treated PTFE plates. The adhesive strength with an epoxy-type adhesive as well as wettability and water absorptivity of the grafted PTFE plates were investigated in relation to the plasma treatment time and monomer concentration for the photografting.
Experimental

Materials
A PTFE plate of 0.50-mm thickness from Nichias Corp., (Tokyo, Japan) was used and MAA and benzophenone (BP, sensitizer) were purchased from Wako Pure Chemical Industries Ltd. A commercially available two-component type epoxy resin adhesive, "Araldite" was used for adhesion of the grafted PTFE plates.
Plasma Treatment and Photografting
The plasma treatment was performed by a Shimadzu LCVD 20-type plasma apparatus [13] . The PTFE plates (6.5 cm×2.4 cm) were fixed on the sample holder located between the plane electrodes. Oxygen plasma generated at the output of 200 W and frequency of 15 kHz was applied to one side of each PTFE plate at the inner pressure of 0.05 Torr (6.67 Pa), while the sample holder was rotated at 60 rpm. Then, the plasma-treated PTFE plates were preserved in the oxygen atmosphere for 30 min at room temperature.
The plasma-treated PTFE plates were immersed in an acetone solution of BP at 0.5 w/v% for 1 min, and then acetone was evaporated at room temperature to coat their surfaces with BP [7] [8] [9] . The plasma-treated PTFE plates were vertically placed into aqueous MAA solutions at 1.0-2.0 M in the Pyrex glass tubes and UV rays emitted from a 400 W high-pressure mercury lamp were irradiated at 60°C. The PTFE plates were thoroughly washed with water to remove homopolymers formed, and dried under reduced pressure. The grafted amount was calculated in mol/cm 2 from the weight increase of the PTFE plates after the photografting.
Wettability and water absorptivity
The contact angles for water on the grafted PTFE surfaces were measured by the sessile drop method at 25°C and the cos  values were obtained from the average values [7] [8] [9] .
The grafted PTFE plates were immersed in water at 30°C for 24 h. Then, the grafted PTFE plates were blotted with a filter paper to remove water attached to their surfaces, and weighed as quickly as possible. The amount of absorbed water and n water value, the number of water molecules assigned to a MAA segment, was calculated [14] .
XPS Analysis
The C1s, O1s, and F1s core level spectra of plasma-treated, and grafted PTFE plates were recorded on a Shimadzu ESCA-3400 spectrophotometer with MgK (1253.6 eV) source. The intensity ratios, O1s/C1s and F1s/C1s, were calculated from the peak areas measured at a take-off angle of 90° [9, 15] .
Tensile Shear Adhesive Strength
The grafted PTFE plates were cut into 3.0-cm length and 1.2-cm width. "Araldite" from Huntsman Corp. was used as an adhesive. The base and the curing components were mixed at the weight ratio of 1:1, and applied to both surfaces of the grafted PTFE plates to provide a 1.2×1.2 cm 2 overlapping surface. The adhesive was cured under the load of 0.5 kg/cm 2 at 60°C for 24 h. The tensile strength was measured at the strain rate of 3 mm/s by an Orientec universal testing machine STA 1225. The values of shear strength were calculated by dividing the force to separate the bonded PTFE samples by the overlapped surface area.
Results and Discussion
Plasma Treatment and Photografting
The effects of the procedures, such as the oxygen plasma treatment, coating of BP, irradiation of UV rays, and temperature, on the grafting of MAA onto the PTFE plate were investigated, and the results were summarized in Table 1 . When UV rays were irradiated to the PTFE plates plasmatreated in a MAA solution at 60°C, the photografting of MAA was successfully proceeded. When the PTFE surface was coated with BP after the plasma treatment, the grafted amount further increased. On the other hand, for the photografting of the PTFE plates at 60°C without the plasma treatment, the grafted amount little increased. Also for the thermal grafting at 60 and 80°C without UV irradiation or photografting at 30°C after the plasma treatment and BP coating, MAA was little grafted onto the PTFE plate. These results indicate that both plasma treatment and UV irradiation at 60°C are an essential procedure for grafting of Fig. 1 . The C1s, O1s, and F1s core level spectra of (a) an untreated PTFE plate, (b) the PTFE plate plasma-treated for 120 s, and (c) the PTFE plate photografted with MAA after the plasma treatment.
MAA onto the PTFE plate and the coating of BP is effective to further increase the grafted amount. Fig. 1 shows the typical C1s, O1s, and F1s core level spectra of the untreated PTFE plate, PTFE plate plasma-treated for 120 s, and grafted PTFE plate. A main peak assigned to -CF2-CF2-was observed at 294 eV in addition to an F1s peak at 692 eV for an untreated PTFE plate. Both F1s peak and C1s peak at 294 eV sharply declined and a small overlapped C1s peaks appeared at 286-289 eV by the plasma treatment. This indicates that fluorine atoms were depleted from the PTFE surface and different kinds of oxygen-containing functional groups are generated [12] . In addition, a peak assigned to -COOH was clearly observed at 289 eV by the subsequent photografting of MAA, indicating that MAA was grafted onto the PTFE surfaces. Fig. 2 shows the changes in the cos value with the grafted amount for the grafted PTFE plates prepared by the plasma treatment for 120 s and subsequent photografting at 1.0-2.0 M. The cos value increased at a low grafted amount, and then became constant. Fig. 3 shows the changes in the constant cos value and the grafted amount at which the cos value became constant with the plasma treatment time prior to the photografting. The cos value became constant at lower grafted amounts and higher constant cos value was obtained, as the plasma treatment time was shorter. These results show that the plasma treatment was restricted to the outer surface region at shorter plasma treatment times. Furthermore, the photografting performed in this study was discussed on the basis of the radical mechanism. Longer polymer chains will be formed at higher monomer concentrations in the radical polymerization.
Wettability and water-absorptivity
Unfortunately, it is much difficult to determine the molecular weight of the grafted polymer chains formed on the PTFE surface. However, taking into consideration the conditions of the plasma treatment and initial monomer concentration in the photografting, the PTFE surfaces treated for shorter plasma treatment times are covered with shorter grafted PMAA chains at lower grafted amounts. In addition, the O1s/C1s value increased and the F1s/C1s value decreased with the grafted amount, and then both intensity ratios became constant at the grafted amount at which the cos  value became constant. However, the F1s peak and C1s peak at 294 eV slightly appeared for the grafted PTFE plates with a constant cos  value. This indicates that the grafted layers consist of the grafted PMAA chains and a small amount of PTFE chains. On the other hand, for the grafted PTFE plates prepared by the plasma treatment for 10 s and subsequent photografting at 1.0 M, the constant cos value wasn't obtained, although wettability was enhanced (cos ＝0.61 at about 0.1 mol/cm 2 ) at a low grafted amount. Fig. 4 shows the change in the amount of absorbed water and n water value with the grafted amount for grafted PTFE plates prepared by the plasma treatment at different times and subsequent photografting of MAA at 1.0-2.0 M. The amount of absorbed water increased with the grafted amount, and the grafted layers consisting of shorter grafted polymer chains formed at lower monomer concentrations possessed higher water absorptivity. In addition, after the PTFE surface was fully covered with grafted PMAA chains, the grafted amount further increased. This suggests that branched grafted polymer chains are formed at higher grafted amounts. This is the main factor for the grafted layers formed at lower monomer concentrations to possess higher water absorptivity.
Adhesive Strength Measurements
The adhesive strength measurements for grafted PTFE plates prepared under different conditions were performed with the two-component type epoxy resin adhesive. Fig. 5 shows the changes in the tensile shear adhesive strength with the grafted amount for grafted PTFE plates prepared by (a) the plasma treatment for different times and subsequent photografting at 2.0 M and (b) the plasma treatment for 120 s and subsequent photografting at different monomer concentrations. The adhesive strength increased at lower grafted amounts irrespective of the plasma treatment time and monomer concentration for the photografting. Fig.  6 shows the changes in the grafted amount at which substrate breaking occurred with the plasma treatment time prior to the photografting. As the plasma treatment time was shorter and/or the monomer concentration for the photografting was higher, the grafted amount at substrate breaking was lower. The occurrence of substrate breaking supports that the adhesive strength exceeded the ultimate strength of the PTFE plate used [7] [8] [9] . However, for both the grafted PTFE plates prepared at 1.0 M after the plasma treatment and ones prepared by the plasma treatment for 10 s and subsequent photografting at 1.5 M, no substrate breaking was observed, although both water wettability and adhesive strength increased with the plasma treatment time. In addition, even if the PTFE was plasma-treated for 180 s without the photografting, the adhesive strength increased only to 400 kPa (not shown). These results can suggest that adhesives penetrated into the grafted layer are cured during heat-pressing, which will lead to an increase in the adhesive strength. A thick grafted layer with lower density of grafted PMAA chains was considered to be formed at higher monomer concentrations, since the grafted amount at which the cos  value became constant increased at higher monomer concentrations as shown in Fig. 3 . A thick grafted layer is required to obtain the adhesive strength higher than the ultimate strength of the PTFE plate used [7] [8] [9] . In addition, substrate breaking at lower grafted amounts can be attributed to the restriction of the location of the photografting to the outer surface region at shorter plasma treatment times and the formation of the grafted layers consisted of longer grafted PMAA chains at higher monomer concentrations.
Conclusion
In this study, we investigated the grafting of MAA onto the PTFE plates by the plasma treatment and subsequent photografting, and discussed the adhesive strength in relation to wettability and water absorptivity of the grafted PTFE plates. MAA was successfully grafted onto the PTFE plates by irradiation of UV rays to the plasma-treated PTFE plates in an aqueous MAA solution at 60°C, although MAA was little photografted without plasma pretreatment. Oxygencontaining functional groups, in particular a hydroperoxide group, acted as the active site for photografting of MAA under irradiation with UV rays.
Wettability of grafted PTFE plates prepared by shorter plasma treatment and/or subsequently photo-grafting at lower monomer concentrations became constant at lower grafted amounts and their surfaces possessed higher cos  values. In addition, grafted PTFE plates prepared at lower monomer concentrations had the grafted layers of high water absorptivity. The adhesive strength increased with the grafted amount, and a decrease in the plasma treatment time and/or an increase in the monomer concentration for photografting led to substrate breaking at lower grafted amounts. This indicates that the adhesive strength is higher than the ultimate strength of the PTFE plate used. The results described above suggest that a thick grafted layer should be formed in the outer PTFE surface region for higher adhesive strength.
In conclusion, the PTFE plate was surfacemodified by the oxygen plasma treatment and subsequent photografting of MAA. From now, we will investigate the grafting of other hydrophilic monomers onto the PTFE and other fluorinecontaining polymer plates by the technique constructed in this study for substrate breaking at further lower grafted amounts.
